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Specification of Neuropeptide Cell Identity
by the Integration of Retrograde BMP Signaling
and a Combinatorial Transcription Factor Code
expressed in only44 neurons in the larval CNS (Schnei-
der et al., 1993b). In the embryonic ventral nerve cord
(VNC), FMRFa expression is restricted to the six Tv neu-
roendocrine neurons, located bilaterally within the three
thoracic segments. The Tv axons project out of the VNC
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Boston, Massachusetts 02115 at the dorsal midline to innervate the three specialized
neuroendocrine glands, the dorsal neurohemal organs
(DNH; Gorczyca et al., 1994; Nassel et al., 1988). The
LIM-homeodomain transcription factor apterous (ap) isSummary
expressed in Tv neurons and acts intrinsically to ensure
proper FMRFa expression in these neurons (BenvenisteIndividual neurons express only one or a few of the
many identified neurotransmitters and neuropeptides, et al., 1998). Studies of tinman (tin) mutants, where the
DNH is absent and FMRFa expression is lost, indicatebut the molecular mechanisms controlling their selec-
tion are poorly understood. In the Drosophila ventral that extrinsic signals, accessible at the target tissue
(DNH), may also be important for FMRFa expressionnerve cord, the six Tv neurons express the neuropep-
tide gene FMRFamide. Each Tv neuron resides within (Gorczyca et al., 1994). The unique axonal trajectory of
the Tv neuron and the putative target requirement fora neuronal cell group specified by the LIM-homeodo-
main gene apterous. We find that the zinc-finger gene its selective expression of FMRFa, makes this neuron
an interesting model for studying the interplay betweensqueeze acts in Tv cells to promote their unique axon
pathfinding to a peripheral target. There, the BMP li- the intrinsic and extrinsic signals that control the termi-
nal differentiation of a unique neuronal cell type.gand Glass bottom boat activates the Wishful thinking
receptor, initiating a retrograde BMP signal in the Tv Herein we characterize additional factors controlling
FMRFa expression in Tv neurons. We find that the zincneuron. This signal acts together with apterous and
squeeze to activate FMRFamide expression. Reconsti- finger gene squeeze (sqz) is specifically co-expressed
with ap in Tv cells. sqz functions within post-mitotic Tvtuting this “code,” by combined BMP activation and
apterous/squeeze misexpression, triggers ectopic neurons to regulate both expression of FMRFa and Tv
axon pathfinding. While post-mitotic pan-neuronal mis-FMRFamide expression in peptidergic neurons. Thus,
an intrinsic transcription factor code integrates with expression of either sqz or ap alone has limited effect
on FMRFa, co-misexpression of sqz and ap triggersan extrinsic retrograde signal to select a specific neu-
ropeptide identity within peptidergic cells. ectopic FMRFa expression in subsets of peptidergic
neurons. Analysis of their axonal projections shows that
cells expressing FMRFa, either endogenously or ectopi-Introduction
cally, all project out of the VNC. This contact with periph-
eral target tissues is critical, since either genetic ablationNeuropeptides are typically expressed in highly re-
stricted patterns and thus often serve as distinguishing of the DNH (in tin mutants), interference with Tv cell
innervation of the DNH, or blocking Tv cell axonal trans-markers for specific subsets of neurons (Hokfelt et al.,
2000; Nassel, 1996b). Whereas the expression of neuro- port, all result in the loss of FMRFa expression. Mutant
analysis identifies this retrograde signal as the BMPpeptides has been well studied, little is known regarding
neuropeptidergic cell specification and neuropeptide ligand Glass bottom boat that activates the BMP path-
way via the Wishful thinking type II receptor. Ectopicgene regulation. Work during the last decade has shown
that neuronal identities are specified both intrinsically, activation of the BMP pathway combined with co-misex-
pression of sqz and ap triggers ectopic FMRFa expres-by combinations of transcriptional regulators (Duggan
and Chalfie, 1995; Edlund and Jessell, 1999; Skeath and sion in additional peptidergic neurons. Thus, sqz and ap
act in a combinatorial and context-dependent mannerThor, 2003) and extrinsically, by retrograde signals de-
rived from either intermediate or final target tissues together with a retrograde BMP signal to activate the
expression of FMRFa within neuropeptidergic cells.(Ernsberger and Rohrer, 1999; Koo and Pfaff, 2002; Lan-
dis, 1996). Although studies of neuronal specification
in invertebrates has focused on intrinsic mechanisms, Results
retrograde signaling, for instance between motor neu-
rons and muscles, has also been described in inverte- The Drosophila neuropeptide gene FMRFamide
brates (Jarecki and Keshishian, 1995; Zhao and Nonet, (FMRFa) is specifically expressed in the six Tv neuroen-
2000). The BMP type-II receptor, wishful thinking (wit), docrine neurons located bilaterally in the three thoracic
has recently been implicated in mediating such a retro- (T1-3) segments of the embryonic and larval ventral
grade signal in Drosophila (Aberle et al., 2002; Marques nerve cord (VNC; Figure 1A; Benveniste et al., 1998;
et al., 2002). Schneider et al., 1993b). The LIM-homeodomain (LIM-
In Drosophila, the FMRFamide (FMRFa) neuropeptide HD) gene apterous (ap) is expressed in three interneu-
gene has been extensively studied and shown to be rons per VNC hemisegment (Lundgren et al., 1995), as
well as in a lateral cluster of four neurons (the ap-cluster)
in each of the T1-3 hemisegments (Benveniste et al.,*Correspondence: sthor@hms.harvard.edu
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Figure 1. FMRFa Is Expressed in ap- and sqz-Expressing Tv Neurons
(A) Expression of proFMRF in the L1 larval VNC. The 6 Tv neurons reside laterally and project axons to the midline and exit the VNC into the
DNH. The SE2 proFMRF positive cells (asterisk) reside anteriorly and project axons posteriorly along the dorsal midline. The SE2 cells do not
express sqz or ap.
(B) FMRFa (magenta) and ap (green; apGAL4/;UAS-EGFP F/) overlap in the Tv neuron (C). The DNHs are revealed by btn-lacZ (F) and by
Glutactin (E).
(D) Double-labeling for Tv axons (green; apGAL4;UAS-EGFP F/) and Glutactin (magenta).
(G) Cartoon summarizes expression of ap (yellow) and FMRFa (blue).
(H) Lateral stage 12 and (I) ventral stage 13 embryos showing sqz in situ hybridization.
(J and K) X-Gal staining of sqzlacZ/ filleted stage 16 embryo (J) and L1 larval CNS (K).
(L and M) sqz-neurons visualized by UAS--myc/;sqzGAL4/ expression in wild-type (L) and sqz mutant (M; UAS--myc/;sqzGAL4/sqzDf ).
(N) Labeling for sqz (anti-myc, green) and ap (anti--gal, magenta) in stage 17 embryos. sqz is expressed in two cells of the ap-cluster, at a
high level in one and at a lower level in the other (aplacZ/UAS--myc;sqzGAL4/).
(O) FMRFa is expressed at stage 17 in the ap/sqz co-expressing cell that expresses the higher level of sqz. (FMRF-lacZ/UAS--myc;sqzGAL4/)
labeled for sqz (anti-myc, green) and FMRFa-lacZ (anti--gal, magenta).
(P) Cartoon summarizes expression of sqz in the FMRF-expressing Tv neuron.
1998; Figures 1B and 1C). One of the four ap-cluster racic segment (Figures 1D, 1E, and 1F; Gorczyca et
al., 1994; Nassel et al., 1988). Anteriorly, two additionalcells is the FMRFa-expressing Tv neuron (Figure 1C).
All ap interneurons in the VNC, except for the Tv, join a FMRFa-expressing cells are found, denoted SE2 cells
(Schneider et al., 1993a; Figure 1A, asterisk). The SE2common ipsilateral axon tract termed the ap-fascicle
(Lundgren et al., 1995). The Tv axon instead projects to cells do not express, nor depend upon, any regulators
described in this study for their FMRFa expressionthe midline and exits the VNC dorsally to innervate the
dorsal neurohemal organ (DNH; Figures 1D and 1G). The (Lundgren et al., 1995; see below). ap is important for
the expression of FMRFa in the Tv neurons (BenvenisteDNH is a club-like neuroendocrine structure formed by
two glial cells protruding from the midline of each tho- et al., 1998), but since most ap neurons do not express
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FMRFa, other regulators are likely needed for FMRFa Tv neurons (Figure 2A). In sqz mutants (sqzlacZ/sqzDf ), we
found that FMRFa staining was reduced in all Tv neuronsregulation.
(Figure 2B) and only detected in 75% of cells (P .0001;
Supplemental Table S1 available at http://www.cell.
com/cgi/content/full/113/1/73/DC1). The T1 segmentsqueeze Is Coexpressed with apterous
in Tv Neurons was most affected, with FMRFa expressed in 40% of
T1 Tv neurons (P  .0001). To verify that the observedWe recently identified the rotund gene that encodes a
zinc finger protein of the C2H2 Kru¨ppel-type (St Pierre effects reflected regulation of the FMRFa gene, we used
antibodies recognizing the C-terminal of the FMRFa pre-et al., 2002). Rotund forms a conserved subfamily of
zinc finger proteins together with Drosophila CG5557, cursor peptide (proFMRF; Chin et al., 1990), as well as
an FMRFa-lacZ reporter that faithfully reports FMRFaC. elegans Lin-29 (Rougvie and Ambros, 1995), and rat
CIZ (Nakamoto et al., 2000). Both rotund and CG5557 expression in Tv neurons (Schneider et al., 1993a). We
found an equivalent effect on proFMRF (75%) andare expressed in subsets of cells in the developing CNS
(not shown; Figures 1H and 1I). Here, we focus on FMRFa-lacZ (77%) in sqz mutants (sqzlacZ/sqzDf and
sqzGAL4/sqzDf, respectively) when compared to wild-typeCG5557. Previous studies indicated that CG5557 had a
larval lethal phase (Perrimon et al., 1996; Spradling et (Figures 2D and 2E; P  .0001). Again, segment T1 was
most affected with FMRFa-lacZ expressed in only 50%al., 1999). We confirmed this lethal phase but found that
mutants eclosed at a low frequency as immotile adults of T1 Tv neurons (P  .0001). These results show that
sqz in part regulates the expression of the FMRFa genethat died within 24 hr. Mutant larvae displayed a motility
defect whereby the body wall musculature over-con- in Tv cells.
To determine whether sqz regulates axon pathfindingtracted radially during the peristaltic wave typical of
insect larval motility, apparent as a “squeezing” of the of the Tv neuron, we used apGAL4 to drive the expression
of a membrane-targeted reporter (UAS-EGFPF; Experi-intestine. As this motility phenotype is fully penetrant
and scored with 100% accuracy (sqzlacZ/sqzDf, n  235), mental Procedures). In sqz mutants, we observed a fre-
quent failure of the Tv axon to innervate the DNH (Figureswe renamed CG5557, squeeze (sqz). For molecular and
genetic information regarding sqz, see Supplemental 2F and 2G), instead apparently joining the ap-fascicle
(Figures 2H and 2I). This phenotype is most pronouncedData available at http://www.cell.com/cgi/content/full/
113/1/73/DC1. within the most anterior thoracic segment (T1). In wild-
type embryos, the DNH was innervated in 100% (n We examined the expression of sqz and found it to
be largely restricted to subsets of cells in the CNS 90) of thoracic segments, whereas sqz mutants (apGAL4/
;sqzie/sqzDf,UAS-EGFPF ) show axonal innervation inthroughout embryonic and first instar larval (L1) develop-
ment (Figures 1H, 1I, 1J, and 1K). Using sqzGAL4 to drive 69% (n  32) of T1 segment DNHs (P  .0001). Failure
of innervation did not result from the absence of theexpression of the axonal reporter, UAS--myc, we found
that sqz is expressed in a population of lateral interneu- DNH itself, as its profile was evident in affected seg-
ments (Figure 2G, arrow). These results show that sqzrons, primarily projecting axons in the anterior and pos-
terior commissures (Figure 1L). In sqz mutants, express- is important for proper pathfinding of Tv axons and that
the Tv axon often fails to diverge from the ap-fascicleing neurons are generated and appear to extend axons
along the appropriate tracts (Figure 1M). Using both in sqz mutants, apparently reverting to an “ap-only” phe-
notype.sqzlacZ and sqzGAL4, we tested for overlap with ap and
found that sqz and ap were co-expressed specifically
within the thoracic ap cluster. Co-expression of sqz and squeeze and apterous Act Independently
ap was evident from the onset of ap expression at stage to Regulate FMRFa Expression
14, with one neuron typically expressing higher levels in Postmitotic Tv Neurons
of sqz (not shown). By stage 17, sqz expression was To verify the authenticity of the sqz cDNA, we estab-
restricted to two neurons within the ap-cluster, with one lished that reintroducing sqz, using sqzGAL4 and UAS-
neuron typically continuing to display higher levels of sqz, could rescue sqz lethality and FMRFa expression
expression (Figure 1N). We tested expression overlap (Figure 2J; Supplemental Data available at http://
between sqz and FMRFa in late stage 17 embryos, when www.cell . com/cgi /content/ full /113/1/73/DC1) . To
FMRFa expression commences (Benveniste et al., 1998) address whether sqz acts within the post-mitotic Tv
and found that sqz was indeed selectively expressed at neuron to affect FMRFa expression, we attempted to
higher levels within the FMRFa Tv neuron (Figure 1O). rescue FMRFa expression in sqz mutants using apGAL4
Thus, the six neurons within the VNC that co-express to drive UAS-sqz. The apGAL4 driver has previously been
ap and higher levels of sqz selectively express the neuro- shown to direct expression to post-mitotic cells, includ-
peptide FMRFa and innervate the DNHs (Figure 1P). ing the Tv neuron (O’Keefe et al., 1998). Importantly,
FMRFa expression was partially restored and expres-
sion was detected in an average of 89% of Tv cells
squeeze Regulates FMRFamide Expression (apGAL4/UAS-sqz;sqzie/sqzDf ), compared to 75% in mu-
and Tv Neuron Pathfinding tants (sqzie/sqzDf ) (Figure 2K; P  .0001, Supplemental
To determine whether sqz regulates FMRFa expression, Table S1 available at above website).
we compared immunoreactivity for the FMRFa peptide To address whether either sqz or ap regulates the
in wild-type and sqz mutant L1 larvae. Similar to previous expression of the other, we performed epistasis experi-
studies (Schneider et al., 1993b) we find that in wild- ments. In ap mutant VNCs, there was no apparent loss
of sqz expression (Figures 2L and 2M). In sqz mutants,type, FMRFa immunoreactivity is robust (98%) in all six
Cell
76
Figure 2. sqz Affects FMRFa Expression and Tv Axon Pathfinding
(A–E) L1 VNC’s showing expression of FMRFa peptide (A–C) and FMRF-lacZ (D and E), in wild-type (A and D) sqz (B and E) and ap;sqz (C)
mutants.
(F and G) Double labeling for Tv axons (green) and Glutactin (magenta) in wild-type (F; apGAL4/UAS-EGFPF ) and sqz mutant (G; apGAL4/UAS-
EGFPF;sqzie/sqzDf ) shows loss of DNH innervation (arrow in G).
(H and I) Expression of ap (apGAL4/UAS--myc) reveals that sqz is essential for differential pathfinding of Tv axons toward the midline and into
the DNH. In wild-type (H; apGAL4/UAS--myc), Tv axons enter the midline (arrowhead). In sqz mutants (I; apGAL4/UAS--myc;sqzie/sqzDf ), Tv axons
fail to project to the midline in the T1 segment (arrow).
(J and K) Rescue of FMRFa from sqzGAL4 (J; UAS-sqz/;sqzGAL4/sqzDf ) and apGAL4 (K; apGAL4/UAS-sqz;sqzie/sqzDf ).
(L and M) sqz expression in wild-type (L; aplacZ/UAS--myc;sqzGAL4/) and ap mutants (M; aplacZ/apP44,UAS--myc;sqzGAL4/). sqz expression
(green) in cells of the ap-cluster (magenta) is similar in wild-type (L) and ap mutants (M).
(N and O) Expression of ap in the ap-clusters in wild-type (N; aplacZ/) and in sqz mutants (O; aplacZ/;sqzGAL4/sqzDf ). Wild-type ap-clusters
comprise four cells (outlined in N). In sqz mutants, there is no loss of ap expression. Instead, up to 7 cells are observed in the T1 segment
(outlined in O).
we observed additional ap cells in T1 (Figures 2N and zygotic and double-mutant L1 larvae. In ap/;sqz/
transheterozygotes, we found no evidence of FMRFa2O). While wild-type embryos have an average of 4.3
cells in T1 hemisegments (n  19), sqz mutants downregulation (not shown). However, in ap;sqz double
mutants, both the level of FMRFa expression, as well(aplacZ/;sqzGAL4/sqzDf ) average 6.0 cells per T1 hemiseg-
ment (n  19; P  0.0001). In contrast, T2 and T3 were as the number of FMRFa-expressing cells were reduced
below that of either single mutant alone (Figure 2C); anunaffected (Figure 2O). However, since there is no loss
of ap cells, the reduction of FMRFa observed in both average of only 41% and 52% Tv cells express FMRFa
and proFMRF, respectively (aplacZ/apGAL4;sqzlacZ/sqzDf,sqz and ap mutants is not explained by epistatic effects
of sqz on ap, or vice versa. P 0.0001; P 0.05). Together with our failure to detect
a genetic interaction and the lack of evidence for positiveWe next examined FMRFa expression in transhetero-
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Figure 3. Co-Misexpression of sqz and ap Triggers Ectopic FMRFa Expression in Peptidergic Neurons
(A–C, I–I”) elavGAL4 driving misexpression of ap (A) or sqz (B) alone, and in combination (C, I–I”) in L1 larvae.
(A) Misexpression of ap has no effect on FMRFa-lacZ expression (compare with Figure 2D).
(B) Misexpression of sqz results in the ectopic expression of FMRFa-lacZ in a cell neighboring the Tv cell (boxed).
(C) Co-misexpression of sqz and ap triggers ectopic FMRFa-lacZ expression in two additional populations of cells, the Va and Vap cells. One
additional cell within the ap-cluster is also observed, as per UAS-sqz alone (not shown).
(D and E) Co-misexpression of sqz and ap using the specific GAL4 drivers VaGAL4 (D) and VapGAL4 (E). Ectopic FMRFa expression is now confined
to each subset, respectively.
(C, D, and E) Numbers shown indicate mean number of ectopic cells per VNC.
(F and G) Expression of UAS-EGFPF driven from VaGAL4 (F) and VapGAL4 (G). Expression is restricted to the Va (F) and Vap (G) neurons, respectively,
and reveals their axonal projections out of the VNC via the transverse nerve (Va) or posterior nerve (Vap) (arrows).
(A and B insets, H–I”) Double labeling for FMRF-lacZ and for the neuropeptide-processing enzyme PHM shows that the ectopic FMRFa cells
neighboring the Tv cell (A and B, inset) and the Va and Vap cells (I–I”) are all peptidergic neurons.
cross-regulation between sqz and ap, these results sug- ectopic FMRFa cell, we labeled for the neuropeptide
processing enzyme, peptidylglycine -hydroxylatinggest that sqz and ap likely act independently to regulate
FMRFa expression in postmitotic Tv neurons. monooxygenase (PHM), known to be expressed by most
if not all peptidergic neurons (Kolhekar et al., 1997). In
wild-type VNCs, we typically observed PHM expressionCombined Misexpression of squeeze
and apterous Triggers Ectopic FMRFamide in two ap-cluster cells, including the Tv neuron (Figure
3A, inset). In elavGAL4/UAS-sqz L1 larvae, the ectopicExpression in Subsets of Peptidergic Neurons
To determine whether sqz or ap are sufficient for FMRFa FMRFa cells expressed PHM (Figure 3B, inset), and
there was no apparent ectopic expression of PHM itself.expression, we misexpressed them individually using
the pan-neuronal postmitotic driver elavGAL4 (Lin and Thus, a peptidergic neuron belonging to the ap-cluster
can be induced to express FMRFa in response to ec-Goodman, 1994). We confirmed previous findings that
misexpressing ap pan-neuronally did not induce ectopic topic sqz activity.
To test the combinatorial sufficiency of sqz and apFMRFa expression (Benveniste et al., 1998; Figure 3A).
In contrast, using elavGAL4 or apGAL4 to drive UAS-sqz, in FMRFa regulation, we co-misexpressed them using
elavGAL4. In every VNC examined, we observed ectopicwe observed occasional ectopic expression of FMRFa,
proFMRF, and FMRFa-lacZ in a neuron adjacent to the FMRFa, proFMRF and FMRFa-lacZ expression in two
distinct subsets of neurons (Figure 3C; SupplementalTv neuron (Figure 3B, inset; not shown). These results
show that sqz is capable of inducing ectopic FMRFa Table S2 available at http://www.cell.com/cgi/content/
full/113/1/73/DC1). PHM staining revealed that bothexpression in one additional cell type; a cell in the tho-
racic ap-cluster. To further resolve the identity of this subsets were peptidergic cells, present also in wild-
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type VNCs, with no apparent ectopic PHM expression we used apGAL4 to express a dominant-negative version
of the P150/Glued dynactin motor complex component(Figures 3H, 3I, 3I’, and 3I”). Based upon the cell body
position and peptidergic identity of the ectopic FMRFa (UAS-GluedDN), a molecule shown to specifically inter-
fere with retrograde axonal transport (Allen et al., 1999).cells, we identified the anterior neurons as the previously
described Va (ventral abdominal) neuropeptidergic cells In apGAL4/UAS-GluedDN L1 larvae, we observed a com-
plete loss (0%) of FMRFa-lacZ expression (Figure 4D;(O’Brien and Taghert, 1998). The posterior subset of
cells has not been described, and we have denoted n 60). Similarly, expression of the microtubule binding
Tau protein, shown to interfere with axonal transport inthem Vap (ventral abdominal posterior). To determine
whether sqz and ap were acting in a cell-autonomous Drosophila (Torroja et al., 1999) led to a near complete
loss (4%) of FMRFa-lacZ expression (apGAL4/UAS--fashion, we utilized two novel GAL4 lines (Experimental
Procedures) that specifically express post-mitotically in myc). In both UAS-GluedDN and UAS--myc, we ob-
served normal Tv axon innervation of the DNH in allthe 6 Va and 4–6 Vap cells, denoted VaGAL4 and VapGAL4
(Figures 3F and 3G). In both cases, co-misexpression of segments (Figures 4H, 4L, and 4L’; n  60; not shown).
Expression of molecules targeting other cellular com-sqz and ap resulted in ectopic FMRFa-lacZ expression
(Figures 3D and 3E). Using VaGAL4 or VapGAL4, FMRFa- partments, such as UAS-nls-GFP (nucleus), UAS-EGFPF
(membrane), and UAS-nod-lacZ (dendrites) had no ef-lacZ expression was observed in an average of 4.2 Va
cells (n  17) and 2.5 Vap cells (n  26) per VNC. These fect on Tv axonal projections or FMRFa-lacZ expression
(not shown; Figures 4A, 4E, 4I, and 4I’).findings demonstrate that sqz and ap function post-
mitotically in a combinatorial and cell-autonomous fash- By co-expressing UAS-EGFPF in all scenarios outlined
above, we found that loss of FMRFa expression wasion to trigger ectopic FMRFa expression in two specific
subsets of peptidergic neurons. not due to loss of the Tv cell, as the number of cells
within the ap-cluster was unaltered in tin, UAS-robo,
UAS-racV12, UAS-GluedDN, and UAS--myc (FiguresAxonal Projection out of the Ventral Nerve Cord
4E–4H; n  42 hemisegments; Supplemental Table S3Is Essential for FMRFa Expression
available at http://www.cell.com/cgi/content/full/113/1/Why do sqz and ap function to activate FMRFa expres-
73/DC1). Using -Glutactin, we found that the DNH itselfsion within only three neuropeptidergic cell types, the
was only affected in tin mutants, not in the other geno-Tv, Va, and Vap cells, together comprising only 18 out of
types (Figures 4I–4L’; n 48 segments). Together, these200 peptidergic neurons in the developing Drosophila
results show that innervation of the DNH and retrogradeVNC (Hewes et al., 2003; Nassel, 1996a; Taghert, 1999)?
signaling is essential for the expression of FMRFa (Fig-Using the specific GAL4 lines, apGAL4, VaGAL4, and VapGAL4
ure 4Q).to drive the expression of UAS-EGFPF, we found that
all three neuronal subsets exit the VNC: Tv axons via
the DNHs, Va axons via the transverse nerves, and Vap A wishful-thinking-Mediated Retrograde Signal
Is Essential for FMRFa Expressionaxons via the posterior A8 nerves (Figures 1D, 3F, and
3G). This observation was important in light of previous What is the identity of the retrograde FMRFa-inducing
signal? Recently, a Drosophila BMP type-II receptor,studies of tinman (tin) mutants. In tin mutants, a number
of mesodermally derived tissues, including the DNHs, wishful thinking (wit), was implicated in mediating a ret-
rograde signal from muscles to motor neurons, respon-fail to develop. As a result, Tv axons stall at the presump-
tive midline exit point and, intriguingly, FMRFa expres- sible for presynaptic maturation (Aberle et al., 2002;
Marques et al., 2002). Signaling by the TGF-/BMP su-sion is strongly reduced. This suggests that the DNHs
may be necessary for proper FMRFa expression in Tv perfamily occurs via activation of a receptor complex,
consisting of two type I and two type II receptors, leadingcells (Gorczyca et al., 1994). We have confirmed these
findings; in tin mutants (tin45/tin346), the DNHs are absent, to phosphorylation and nuclear translocation of a recep-
tor Smad protein (Massague and Chen, 2000; Rafteryand proFMRF staining is weak and only detected in 10%
of Tv neurons (Figures 4B and 4J’; n 78; Supplemental and Sutherland, 1999). In Drosophila, BMP signaling
leads to the phosphorylation and nuclear translocationTable S4 available at above website). To address the
putative target requirement for FMRFa expression in an of the Smad protein Mothers against dpp (Mad), which
can be monitored using antibodies specific to phosphor-alternative way, we used apGAL4 to express molecules
that either alter Tv axon pathfinding or interfere with Tv ylated Mad (pMad; Dorfman and Shilo, 2001; Tanimoto
et al., 2000).axonal transport. We first tested roundabout (robo), a
receptor that mediates repulsion from the VNC midline Using antibodies to pMad, we assayed for BMP acti-
vation in peptidergic neurons. We detected nuclear(Seeger et al., 1993). In apGAL4/UAS-robo L1 larvae, Tv
axons avoid the midline and fail to innervate the DNH pMad not only in motor neurons, as previously described
(Marques et al., 2002), but also in the Tv, Va, and Vap(Figures 4G, 4K, and 4K’). As predicted, this results in
a loss (2%) of FMRFa-lacZ expression (Figure 4C; n  neurons, demonstrating that peptidergic neurons pro-
jecting out of the VNC also show evidence of BMP acti-138). Next, we tested dominant-activated rac (UAS-
racV12; Kaufmann et al., 1998; Luo et al., 1997) and found vation (Figures 5C, 5D, and 5E). Accumulation of pMad
in the Tv neurons commences during stage 17, immedi-that it caused Tv axons to stall before reaching the
midline and fail to innervate the DNHs (not shown). This ately following DNH innervation (Figures 5A and 5B).
These results led us to test whether Tv innervation ofresulted in a complete loss (0%) of FMRFa-lacZ expres-
sion. Wild-type rac (UAS-rac) and UAS-EGFPF showed the DNH would be critical for pMad accumulation and
consequently for FMRFa expression. Indeed, we foundno effect on Tv axon pathfinding and, as expected, did
not affect FMRFa-lacZ expression (not shown; Figures that the absence of the DNH (in tin mutants), Tv axon
pathfinding alterations (in apGAL4/UAS-robo and apGAL4/4A, 4E, 4I, and 4I’). To interfere with axonal transport,
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Figure 4. Innervation of the DNH and Axonal
Transport Are Essential for FMRFa Expres-
sion and pMad Accumulation
FMRFa-lacZ expression (A–D), ap cells and
axons (E–H), Tv midline projections (I–L), DNH
innervation (I’–L’) and pMad expression in ap-
clusters (M–P) in tin mutant and apGAL4-driven
misexpression backgrounds. In all back-
grounds, apGAL4 is used to detect ap neurons
using UAS-EGFPF. Percentages (A–D) shown
indicate percent of FMRF-lacZ expression
observed in Tv neurons compared to wild-
type. Percentages (I’–L’) indicate percentage
of DNH innervation by Tv axons compared
to wild-type. ap cell numbers are unaffected
(M–P). In tin, (tin45/tin346) Tv axons reach the
midline (J) but the absence of DNHs (J’) pre-
vents axonal exit from the VNC, resulting in
a loss of FMRF-lacZ (B). Using apGAL4 to drive
UAS-robo, DNHs are present (K’) but Tv ax-
ons avoid the midline (K), and fail to innervate
the DNHs (K’) resulting in a loss of FMRF-
lacZ (C). Using apGAL4 to drive UAS-GluedDN,
interference with axonal transport results in
loss of FMRF-lacZ expression (D), in spite of
normal axonal pathfinding (L) and DNH in-
nervation (L’). Nuclear accumulation of pMad
in the Tv neurons is lost in all genotypes (N–P)
when compared to control (M). (Q) Cartoons
summarizing the observed effects.
UAS-racV12) and interference with Tv axonal transport cally through the BMP pathway (Mad), through the
TGF- pathway (Smad2), or via an as yet unidentified(in apGAL4/UAS-GluedDN and apGAL4/UAS--myc) were all
accompanied by loss of pMad staining specifically in pathway (Marques et al., 2002). In Drosophila, constitu-
tive activation of the BMP pathway can be achieved byTv neurons (Figures 4M–4P; not shown). We further
found that the ectopic ap-cluster FMRFa-expressing expression of activated versions of either one of the
type I receptors saxophone or thick veins (UAS-saxA andcell induced by sqz misexpression (Figure 3B) is also
pMad positive (Figure 5F). Given the role of sqz in Tv UAS-tkvA; Haerry et al., 1998). Using apGAL4, we ex-
pressed these receptors alone and in combination, andaxon pathfinding, we interpret this as resulting from sqz
dominantly altering the projection of one other ap-clus- found that only their combined expression (UAS-tkvA,
UAS-saxA;apGAL4/) efficiently triggered pMad accumu-ter cell, forcing it to innervate the DNH. Thus, in all
genotypes examined, Tv axonal projection to the DNH lation in ap neurons (Figure 7A). To determine whether
wit is acting specifically via the BMP pathway to activateis critical for pMad accumulation (Figure 5G).
In Drosophila, wit was shown to be essential for pMad FMRFa expression in Tv cells, we used apGAL4 to express
activated receptors (UAS-tkvA, UAS-saxA) in a wit mutantaccumulation in the VNC (Marques et al., 2002) and we
therefore analyzed FMRFa expression in wit mutants background. This resulted in rescue (89%; UAS-tkvA,
UAS-saxA; apGAL4/;witA12/witB11) of FMRFa expression in(witA12/witB11). We found that Tv neurons completely fail
to express FMRFa in wit mutants (0%, n  72, Figure wit mutants (Figures 7B and 7D; n  36; Supplemental
Table S5 available at above website). The ectopic activa-6A; Supplemental Table S4 available at above website).
As expected, we also observed a complete absence of tion of the BMP pathway in all ap neurons, in either a
wild-type or a wit mutant background, did not result inpMad staining in the VNC, and specifically in the Tv
neuron (Figures 6Q and 6J). The loss of FMRFa expres- any ectopic FMRFa expression (Figure 7B).
sion in wit mutants does not reflect a loss of ap or sqz
expression, nor a failure of Tv neurons to innervate the glass bottom boat Is the Critical Peripheral Signal
for FMRFamide ExpressionDNH since we found that the number of ap-cluster cells,
sqz-cells, Tv axonal projections, and DNHs were normal The wit ligand was not previously identified (Aberle et
al., 2002; Marques et al., 2002). Drosophila has several(Figures 6D, 6G, 6G’, and 6S). Although wit gene activity
and pMad staining is intimately linked in the VNC, previ- BMP ligands, three of which have been analyzed geneti-
cally: screw, glass bottom boat (gbb), and decapen-ous studies did not address whether wit is acting specifi-
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Figure 5. Neurons Expressing Endogenous or Ectopic FMRFa Have Nuclear pMad Accumulation
(A and B) Large images show thoracic VNC from stage 15 (A) and stage 17 (B) embryos (apGAL4/; UAS-EGFPF/). Lower insets show close-
up of ap axons at the midline. At stage 15, axons have not reached the midline (A, lower inset). By stage 17, axons have reached the midline
and have entered the DNH (B, arrowhead, lower inset). Upper insets show double labeling for ap expression and pMad expression. By stage
17, pMad staining is evident (B, upper insets), after DNH innervation.
(C) Triple-labeling shows that pMad and FMRF expression are colocalized in the Tv cell, specifically.
(D–E) The Va (D) and Vap (E) neurons stain for pMad.
(F) Ectopic expression of sqz triggers ectopic FMRFa expression in one ap-cluster cell. This ectopic cell now stains for pMad.
(G) Cartoon summarizing expression of pMad in FMRF-expressing Tv cell.
taplegic (Raftery and Sutherland, 1999). Of these, only ure 7E; n 36). In addition, we found that despite provid-
ing gbb function to all ap neurons, either in a wild-typegbb mutants develop late enough to analyze FMRFa
expression (Khalsa et al., 1998). Importantly, in gbb or gbb background, only the Tv neurons responded by
pMad nuclear accumulation and FMRFa expression(gbb1) L1 mutant larvae, we found a near complete loss
(4%) of proFMRF expression (Figure 6B; n  144; Sup- (Figures 7C and 7G).
We next tested whether gbb is sufficient to triggerplemental Table S4 available at http://www.cell.com/
cgi/content/full/113/1/73/DC1). As in wit mutants, loss FMRFa expression even in scenarios where the DNH
is not innervated by the Tv axon, or where Tv axonalof FMRFa expression in gbb mutants does not reflect
a loss of DNHs or ap-cluster cells (Figures 6E, 6H, and transport is blocked. To this end, we provided cell-
autonomous gbb function to Tv neurons in an attempt6H’; n  48). Analysis of pMad accumulation in gbb
mutants reveals an early phase of VNC pMad nuclear to “rescue” the loss of FMRFa expression caused by
robo-induced aberrant Tv pathfinding or by GluedDN-accumulation (Figure 6N). This nuclear pMad staining
is accompanied and gradually superceded by grainy mediated axonal transport block. Importantly, co-mis-
expression of gbb with robo rescues the loss of FMRFaanuclear accumulations that are in turn largely lost dur-
ing late embryonic and L1 larval stages (Figures 6P and expression caused by robo misexpression alone (93%,
n  60; Figure 7F). As expected, proFMRF-positive Tv6R). Thus, while early BMP activation in the VNC is likely
triggered by BMP ligands other than Gbb, by stage 17, axons were observed projecting laterally within the VNC,
rather than into the DNH (Figure 7F, arrows). As ob-when the Tv cells innervate the DNH, BMP activation
has become critically dependent upon Gbb (Figure 6K). served above (Figure 7C), only the Tv neurons re-
sponded by pMad nuclear accumulation (Figure 7H).To verify that Gbb is acting on the Tv neuron to induce
FMRFa expression, we provided gbb at the VNC midline Similarly, expression of gbb together with GluedDN in the
Tv neurons (apGAL4/UAS-GluedDN; UAS-EGFPF/UAS-gbb)using slit-GAL4 (Albagli et al., 1996; UAS-gbb, gbb1/
gbb1; slit-GAL4/). This rescues proFMRF (97%; Figure was also able to rescue FMRF-lacZ (98%; Figure 7J).
This indicates that GluedDN does not non-specifically7I; Supplemental Table S5 available at above website).
Next we tested whether providing gbb in a cell-autono- interfere with the competence of the Tv cell to respond
to Gbb. These results show that the only critical FMRFa-mous manner could activate the BMP pathway and re-
store FMRFa expression. We used apGAL4 to rescue gbb activating signal specifically presented at the DNH is
gbb acting through wit.mutants (apGAL4, gbb1/UAS-gbb, gbb1) and rescued both
proFMRF (93%) and FMRFa-lacZ (83%) expression (Fig- Similar to the Tv neurons, motor neurons activate the
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Figure 6. BMP Activation Is Essential for pMad Accumulation and FMRFa Expression
proFMRF expression (A–C), ap cells and axons (D–F), Tv midline projections (G, H, and I), innervation of DNHs (G’, H’, and I’), and ap/pMad
expression in the ap-cluster (J–L) in wit mutant (A, D, G, G’, and J; witA12/witB11), gbb mutant (B, E, H, H’, and K; gbb1/gbb1) and Unc5
misexpression (C, F, I, I’, and L; apGAL4/UAS-Unc5) backgrounds.
(A, B, J, and K) Mutations in wit or gbb leads to a loss of FMRFa expression (A and B) and pMad accumulation (J and K), without affecting
ap expression, ap neuron pathfinding (D and E) or DNH innervation (G’ and H’). Percentages in (A–C) indicate percentage of proFMRF Tv
neurons compared to wild-type. Percentages in (G’–I’) indicate percentage of DNHs innervated compared to wild-type.
(M–R) pMad staining in wild-type (M and O) wit (Q; witA12/witB11) and gbb (N, P, and R; gbb1/gbb1) mutants.
(S) wit mutation does not affect the expression of either sqz or ap.
BMP pathway in a wit-dependent manner (Marques et BMP Activation Expands the squeeze/apterous-
Mediated Ectopic FMRFamide Expressional., 2002). We therefore predicted that other peripheral
tissues could provide an FMRFa-inducing signal. To test To test whether activation of the BMP pathway is suffi-
cient to trigger ectopic FMRFa expression, we usedthis idea we misexpressed Unc5, a receptor that medi-
ates repulsion from the midline and has been shown to elavGAL4 to co-express UAS-saxA and UAS-tkvA in all post-
mitotic neurons. This led to embryonic lethality and pre-dominantly direct ap interneuron axons out of the VNC
(Keleman and Dickson, 2001). In apGAL4/UAS-Unc5 lar- vented us from addressing the pan-neuronal effects of
BMP activation. Therefore, we used apGAL4 and foundvae, we observed extensive exit of ap axons from the
VNC via motor nerves, without a single instance of DNH that although co-expression of saxA and tkvA (UAS-tkvA,
UAS-saxA; apGAL4/) triggered pMad staining in all VNCinnervation (n 126; Figures 6C, 6F, 6I, and 6I’). In spite
of these changes, we frequently observed expression of ap neurons (Figures 8E and 8F), there was no ectopic
expression of FMRFa (Figure 8A). To determine whetherFMRFa-lacZ specifically in one of the ap-cluster neurons
(average 2.1 cells per VNC; n84). Expression of FMRFa activation of the BMP pathway can act in combination
with sqz and ap to trigger FMRFa, we again used apGAL4was always associated with Tv pMad staining (n  21;
Figure 6L). Similar to the misexpression of gbb in all ap to misexpress UAS-tkvA, UAS-saxA together with UAS-
sqz. This led to occasional ectopic FMRFa-lacZ expres-neurons, only the Tv cell responds to lateral exit by
activating pMad and expressing FMRFa. sion beyond that found with UAS-sqz alone, specifically
in up to 6 dorsal ap neurons throughout the VNC (0.4 In summary, ap and sqz are expressed in the early
postmitotic Tv neuron (Stage 15). This co-expression 1.2 cells/VNC, n  31; Figure 8C). Co-misexpression of
all four transgenes (UAS-tkvA, UAS-saxA, UAS-sqz, anddictates Tv cell identity in part by controlling axon path-
finding into the DNH, but also by enabling the Tv cell to UAS-ap) led to more robust and frequent ectopic
FMRFa-lacZ expression, in up to 18 dorsal ap neuronsactivate the BMP pathway in response to the Gbb ligand.
Once Tv axons reach the DNH at stage 17, gbb activates (4.6  5.5 cells/VNC, n  49; Figure 8D). This likely
reflects the fact that apGAL4 is a hypomorphic allele ofthe BMP pathway in a wit-dependent manner, which in
turn triggers FMRFa expression (Figure 7K). ap, and wild-type levels of ap are likely required for
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Figure 7. Rescue of wit and gbb Mutants and
Rescue of the Tv Axon Pathfinding and Trans-
port Effects
(A) Co-expression of activated sax and tkv
receptors (UAS-saxA, UAS-tkvA; apGAL4/) can
efficiently trigger pMad accumulation in all 4
ap-cluster cells, but only the Tv cell ex-
presses FMRF-lacZ.
(C) Misexpression of gbb in all ap neurons
(apGAL4/UAS-gbb) only triggers pMad staining
in the Tv cell. (B, close up in D) Co-expression
of activated sax and tkv receptors restores
pMad activation and rescues FMRFa expres-
sion in wit mutants (UAS-saxA, UAS-tkvA;
apGAL4/; witA12/witB11).
(E) Misexpression of gbb (FMRF-lacZ,
apGAL4,gbb1/UAS-gbb, gbb1) rescues gbb mu-
tants cell autonomously.
(F) Misexpression of gbb rescues the robo-
effect, i.e., loss of FMRFa expression due to
loss of DNH innervation (apGAL4/UAS-gbb; UAS-
EGFPF/UAS-robo). Expression of proFMRF (F)
is rescued, although FMRFa-expressing Tv
axons now project in the lateral connectives
(F; arrowheads).
(G and H) gbb activates the BMP pathway as
shown by pMad staining in the FMRF-
expressing cell, when rescuing either gbb
mutants (G) or the robo-effect (H).
(I) Misexpression of gbb (gbb1/UAS-gbb,
gbb1; sli-GAL4/) at the VNC midline rescues
loss of pro-FMRF in gbb mutants non-cell
autonomously.
(J) Misexpression of gbb (apGAL4/UAS-
GluedDN; UAS-EGFPF/UAS-gbb) can rescue
FMRF-lacZ expression and suppress the
GluedDN-effect, i.e., loss of FMRFa expression
due to block of axonal transport.
(K) Cartoon summarizing Tv cell differentia-
tion and FMRFa regulation by sqz, ap, and
BMP signaling.
robust FMRFa expression. To our surprise, we found and competence to respond to a retrograde signal by
activating the BMP pathway. When these criteria arethat BMP activation could act, to a limited extent, with
UAS-ap alone to activate FMRFa-lacZ expression in up met, either in the endogenous or ectopic case, FMRFa
expression is triggered. Importantly, none of theseto 3 dorsal ap neurons (0.6  1.1 cells/VNC, n  28;
Figure 8B). This may indicate that BMP activation and events are individually exclusive to the Tv cell, but they
are uniquely combined in only these 6 out of the 10,000robust ap expression may partially overcome the re-
quirement for sqz co-expression. In all three cases, simi- cells in the VNC. Reconstituting this scenario in other
peptidergic neurons can trigger FMRFa expression. Ourlar results were obtained using proFMRF (not shown).
In the abdominal VNC, three ap-neurons are present per results are in line with the emerging theme of a critical
interplay between combinatorial transcription factorhemisegment: the dorsal and the paired ventral ap-cells
(Lundgren et al., 1995). Ectopic FMRFa expression was codes and signal transduction pathways in regulating
gene expression (Barolo and Posakony, 2002) and is arestricted to the dorsal ap-neurons in the VNC. Analysis
of ap neurons in the CNS reveals that certain subsets clear example of how these general mechanisms also
apply to the specific regulation of a terminal differentia-of ap neurons, in addition to Tv neurons, are peptidergic
(Hewes et al., 2003). PHM staining shows that only dor- tion gene in the nervous system.
sal, and not ventral, ap neurons were peptidergic (Fig-
ures 8G and 8H), demonstrating that combined sqz, ap, The Peptidergic “Compartment”
Why is ectopic FMRFa expression restricted to peptider-and BMP activation only triggers ectopic FMRFa expres-
sion in neuropeptidergic cells. gic neurons? Conceivably, cells responding to BMP acti-
vation and sqz/ap co-misexpression may arise from pre-
cursor cells utilizing a common genetic program,Discussion
resulting in a chromatin state where the FMRFa gene
is accessible to activation. Currently, the lineage fromThis study identifies several determinants critical for
proper FMRFa expression in the Drosophila VNC. These which most neuropeptidergic neurons arise is unknown,
and any common theme behind their generation is un-include a general peptidergic cell identity, co-expres-
sion of sqz and ap, axon projection out of the VNC, certain. FMRFa expression may also be constrained by
Combinatorial Control of Neuropeptide Expression
83
Figure 8. BMP Activation Acts Together with sqz/ap Co-Misexpression to Trigger Ectopic FMRFa Expression in Peptidergic ap Neurons
(A–D) apGAL4 driving expression of UAS-saxA, UAS-tkvA (A), UAS-saxA, UAS-tkvA, UAS-ap (B), UAS-saxA, UAS-tkvA, UAS-sqz (C), and UAS-saxA,
UAS-tkvA, UAS-sqz, UAS-ap (D).
(A) Ectopic BMP activation has no effect on FMRFa expression. In contrast, BMP activation in combination with ap (B), sqz (C), or ap/sqz (D)
leads to ectopic FMRFa expression in dorsal ap neurons. Numbers (A–D) are mean  SD numbers of FMRF-lacZ-expressing dorsal ap cells.
(E–F) Dorsal ap neurons do not stain for pMad in wild-type (E), but accumulate nuclear pMad in response to co-expression of tkvA and saxA
(F; UAS-tkvA, UAS-saxA; apGAL4/).
(G–H) Dorsal ap neurons (G), but not ventral ap neurons (H), are peptidergic as revealed by PHM expression.
the presence of activators common to peptidergic neu- Tv axon pathfinding phenotypes, and, consequently, a
rons and/or by repressors present in non-peptidergic partial loss of pMad staining specifically in Tv neurons
neurons. Common properties of peptidergic neurons, (not shown). Observations of Tv axons at the midline
such as the dense core vesicle secretory machinery and suggest that in the absence of sqz, the Tv axon likely
the processing of precursor peptides, may indicate the reverts to an “ap-only” axonal phenotype and turns to
existence of common regulatory programs for all peptid- grow along the common ap-fascicle. Given the impor-
ergic neurons (Pearse, 1980; Thor et al., 1991). In support tance of DNH innervation for FMRFa expression, axon
of this notion, recent studies of a novel basic helix-loop- pathfinding defects in sqz mutants likely contribute to
helix transcription factor, dimmed, show that this gene the loss of FMRFa in some hemisegments. However,
is specifically expressed in most if not all peptidergic the great difference in the loss of FMRFa expression
neurons (Hewes et al., 2003). In dimmed mutants, pep- between sqz (75%) and wit (0%) argues that sqz is not
tidergic and secretory properties of the majority of pep- critical for BMP signaling, but rather affects it indirectly
tidergic neurons are affected, including the expression by affecting Tv axon pathfinding. Moreover, the sqz axon
of processing enzymes and several neuropeptides, such pathfinding phenotype is only partially penetrant and
as FMRFa. This shows that dimmed plays a key role in fails to explain either the reduction of FMRFa expression
specifying the peptidergic fate and supports the notion observed in all hemisegments, or the potency of sqz
of a common regulatory program for this cell type. (acting together with ap) to trigger ectopic expression
in Va and Vap peptidergic neurons (cells whose axons
already exit the VNC and are pMad-positive). Misexpres-squeeze and apterous Predetermine
sion of sqz in all ap cells occasionally leads to an addi-Tv Cell Identity
tional pMad/FMRFa positive cell in the ap-cluster. InPrevious studies found that ap is essential for axon
these cases, we do not detect ectopic FMRFa expres-pathfinding of the majority of ap-neurons (Lundgren et
sion in any axons extending in the common ap-fascicle,al., 1995). However, ap does not affect Tv axon pathfind-
only in axons projecting into the DNH. Therefore, sqzing (Benveniste et al., 1998) suggesting that the role of
misexpression likely alters the identity of another ap-ap in Tv cells may exclusively be to regulate FMRFa
cluster cell, imposing a Tv-like axonal pathfinding be-expression. In line with these results, ap mutants do not
havior and causing it to ectopically innervate the DNH.show any apparent loss of pMad accumulation in the
Tv neurons (not shown). In contrast, sqz mutants have Thus, it appears that sqz regulates two critical features
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of Tv cell identity, differential pathfinding, and FMRFa the presence of a small number of sqz/ap co-expressing
cells in the developing brain that do not express FMRFaexpression (both directly and indirectly).
(not shown) may necessitate additional regulatory con-
trol over FMRFa expression. Dependence upon a signalBMP Signaling and Neuronal Specification
transduction pathway also provides several uniqueSince Wit is expressed in a restricted pattern in the
means of control and amplification of target gene ex-developing VNC (Aberle et al., 2002; Marques et al.,
pression (Barolo and Posakony, 2002). Finally, the fact2002), we attempted to address whether the Tv neurons
that sqz, ap, and BMP activation only acts to triggerexpress Wit. However, we were unable to obtain single-
FMRFa expression within a neuropeptidergic cellularcell resolution with the Wit antibody and could not defini-
context reveals additional complexity underlying thetively localize Wit in Tv cells (not shown). However, the
control of specific neuropeptide expression. Given thewit-dependent pMad accumulation in Tv neurons, the
large number of diverse cell types in the CNS, whatapGAL4/UAS-tkvA, UAS-saxA-mediated rescue of wit mu-
may appear to be an almost excessive complexity oftants, and the UAS-gbb-mediated “rescue” of UAS-robo
combinatorial coding may in fact be essential for highmisexpression, provide genetic evidence supporting the
fidelity of gene expression.expression of wit in Tv cells. Previous studies have
shown that gbb is expressed in developing endoderm
Experimental Proceduresand visceral mesoderm, but it has not been detected in
the VNC (Doctor et al., 1992). By in situ hybridization, Fly Stocks
we did not observe any apparent expression in the DNH The following strains were used in this study: l(3)0210202102 (referred
(not shown). Given that the DNH only contains two cell to as sqzlacZ ); Df(3R)DI-KX23 (referred to as sqzDf ); Df(3R)DI-BX12;
sqzGAL4; sqzie; UAS-sqz; FMRFa-lacZ (WF3-T2); sli1.0-GAL4; elavGAL4;bodies, low-level gbb expression may be beyond detec-
apP44; aprk568 (referred to as aplacZ ); apmd544 (referred to as apGAL4 ); UAS-tion. Moreover, since the anterior midgut is positioned
ap; tin45; tin346; witA12; witB11; gbb1; UAS-GluedDN; UAS-robo; UAS-rac;in very close proximity to the DNHs, it is possible that
UAS-racV12; UAS--myc; UAS-nls-GFP; UAS-nod-lacZ; UAS-Unc5-
Gbb diffuses from the visceral mesoderm to the DNH. HA; UAS-tkvA; UAS-saxA; and UAS-gbb. VaGAL4 was generated by
The precedent for this notion comes from studies show- standard mobilization of P{GawB} from the X chromosome (using
ing that Dpp, expressed in the visceral mesoderm, dif- elavGAL4 as a starting line) to the autosomes. VapGAL4 was identified
as P0201 in Flyview stock collection (http://pbio07.uni-muenst-fuses to the endoderm where it induces expression of
er.de). The membrane-targeted reporter UAS-EGFPF was generatedthe labial gene (Panganiban et al., 1990).
by N-terminal insertion of 6 copies of the c-myc epitope tag andIn mammals, subsets of sensory neurons initiate ex-
C-terminal insertion of the membrane-targeted CAAX-box from Ras
pression of the neuropeptide CGRP only after their ax- (Finley et al., 1998; details available upon request). In some in-
ons have established functional connections in skin dur- stances, the c-Myc mAb 9E10 was used to better reveal the expres-
ing late embryogenesis. The ability of TGF family sion. The UAS-EGFPF reporter does not lead to any obvious eye or
wing phenotypes when driven by GMR-GAL4 or apGAL4 respectivelymembers Activin and BMPs 	2, 	4, and 	6 to activate
(not shown). Mutants were kept over CyO,Act-GFP or TM3,Ser,Act-CGRP in sensory neurons in vitro and their expression
GFP balancer chromosomes.in the skin has implicated their role as target-derived
inducers of CGRP expression in sensory neurons (Ai et In Situ Hybridization and Immunohistochemistry
al., 1999; Hall et al., 2002). Although this notion has not Standard in situ protocols were used to examine expression of
been genetically tested in the mouse, these and our sqz and gbb, using a riboprobe encompassing the cDNAs (ESTs
GH22029 and GH12092, respectively). Antibodies used were: -c-studies raise the possibility that both invertebrate and
Myc mAb 9E10 (1:50), -FasII mAb 1D4 (1:50), -Even skipped mAbvertebrate neurons may utilize an evolutionary con-
2B8 (1:5), and --gal mAb 40-1a (1:10) (all from Developmentalserved target-derived BMP signal to activate terminal
Studies Hybridoma Bank); rabbit -FMRFamide (Taghert and
differentiation genes such as neuropeptides. Schneider, 1990; 1:2,000), rabbit -PHM (Kolhekar et al., 1997;
Why is BMP activation necessary for FMRFa expres- 1:750), rabbit -proFMRF (Chin et al., 1990; 1:2,000), rabbit --gal
sion? Neither forced axonal exit from the VNC (apGAL4/ (Cappel; 1:5,000, rabbit -pMad (Tanimoto et al., 2000; 1:2,000) rab-
bit -Glutactin (Olson et al., 1990, 1:300), and mouse -Wit (AberleUAS-Unc5) nor autocrine presentation of the Gbb ligand
et al., 2002; 1:2). Immunolabeling was carried out as previously(apGAL4/UAS-gbb) leads to activated pMad and FMRFa
described (Benveniste et al., 1998; Thor et al., 1999). Where FMRFaexpression in ap cells other than the Tv cell. This indi-
expression was compared, we processed tissue on the same slide
cates that the Tv cell is uniquely predetermined to re- and confocal settings were calibrated to wild-type staining levels.
spond to the Gbb ligand. In fact, even direct activation Double-labeled images were false colored, converting red to ma-
of the BMP pathway (UAS-saxA, -tkvA;apGAL4/) in all ap genta for the benefit of color blind readers. Images revealing overlap
between markers (Figures 1C, 1D, 1N, and 1O; 2F, 2G, 2L, 2M; 3A,neurons does not trigger ectopic FMRFa expression,
3B insets; 4I’–4L’, 4M–4P; 5A–5C, 5F; 6G’–6I’, 6J–6L, 6S; 7A, 7C,showing that the Tv cell is further uniquely capable of
7D, 7G and 8E–8H) are 1 
m thick confocal sections (Figuresresponding to BMP activation. Our misexpression re-
3H–3I’’; 5D, 5E; 7B, 7G; 5 
m confocal sections).
sults show that both of these properties of the Tv cell
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